Abstract -In the Breuil-Chenue experimental site (Morvan, France), the native forest, a 150-year-old coppice with standards dominated by beech was partly clear-cut thirty years ago and replanted with several tree species. Soil samples were collected from the A 1 horizon, in the 0-5 cm layer of the preserved native forest and three plantations: European beech, Douglas-fir and Norway spruce. Aliquots of 0-2 mm sieved soils were incubated for 40 days under laboratory conditions (15
INTRODUCTION
Forest tree species affect soil functions in various ways and at various rates, and particularly by the changes in carbon and nitrogen cycles. In forest soils, humification and weathering processes depend on vegetation, parent rock material, climate and topography which control the biophysico-chemical processes [5, 14, 33, 45] . Vegetation is one of the major parameter at the origin of the differentiation in the humification and weathering processes. It is relatively well known that some forest floors decay more rapidly, as for deciduous species like European ash, Elm and Basswood, and produce a mulltype humus, whereas others, as different coniferous species, decay more slowly and produce mor or moder-type humus [7, 14, 21, 38] . Norway spruce for example is known to acidify the soil by providing and accumulating strong acidic organic matter [35] .This well admitted divergence between ameliorating and degrading species has to be carefully considered * Corresponding author: judicael.moukoumi@limos.uhp-nancy.fr in relation with soil parent material characteristics, and environmental conditions [14, 32] The introduction of forest tree species such as fast growing species (spruce, Douglas. . . ) as it was managed much more in the half past century can therefore affect biological and biogeochemical soil functions [1, 7, 8, 30] . In fact, forest tree species substitution modifies the annual input of organic matter, both qualitatively and quantitatively, and the rate and issue of its decomposition [6, 7, 21, 27] . As a consequence, biological activity, biodegradation-mineralization processes, release, mobility and cycling of nutrients (N, P, Ca, Mg, Fe. . . ) [5, 15, 46] can be affected or significantly modified. Several studies carried out under laboratory conditions have improved the knowledge of biodegradation and mineralization processes of soil organic compounds [12, 17] and on some aspects of mineral weathering [4, 5] . However, the effect of forest tree species substitution on the key-processes of organic matter biodegradation and nutrient availability is not well known.
In order to determine and verify if under similar climatic and soil conditions, litter material from different tree species would decompose at different rates resulting in different kinetics of carbon and nitrogen mineralization and nutrient release, laboratory experiments have been done.
Soil samples from adjacent plots of different tree species growing on the same original soil and same climatic conditions, were incubated in laboratory devices, to investigate the effect of forest tree species substitution on (i) the biodegradability and mineralization of carbon and nitrogen of the soil organic matter, and (ii) consequently on the mobility and availability of major mineral nutrients.
MATERIALS AND METHODS

Study site
The study site was located in the state forest of Breuil-Chenue, Morvan Regional Natural Park (Nièvre, France), north eastern part of Massif Central. The elevation is around 650 m and the mean annual rainfall and temperature are 1280 mm and 9
• C respectively. The parent rock material is a coarse grained leucogranite with two micas relatively poor in iron, magnesium and calcium and designated as granite de la Pierre-qui-Vire [39] . The granite saprolite was cryoturbated and covered by a centimetric to decimetric layer of eolian loam [2] . Soils are acidic (4 < pH < 4.5) with a poorly saturated cation exchange capacity (CEC). Humus-type varies from acid mull in the young forest plantations to typical moder in the native forest. The native forest is a coppice with standards dominated by 150-year-old beech trees, which was intensively exploited up to the beginning of the 20th century for fuel-wood. Thirty years ago, part of this forest was clearcut and afforested in plots of 0.1 ha with various tree species (Oak Quercus petraea, European beech Fagus sylvatica L., Norway spruce Picea abies Karst., Douglas fir Pseudotsuga menziesii Mirb. Franco, Pine Pinus nigra Arn., and Nordmann fir Abies nordmanniana Spach) [10] , whereas the other part of the native forest was preserved as a reference. When the plantations were established in 1976, the soil of the Breuil-Chenue forest was homogeneous and identical for all plots [10, 34] . The initial objective of this experiment was to study the potential improvement of wood production by alien species and to evaluate the impact of different tree species on soil fertility. More information on the experimental site is available in Bonneau et al. [10] , Ranger et al. [34] and Simonsson et al. [40] .
Soil sampling
Soil samples were collected with a stainless steel cylinder system (8 cm inner diameter) on January 29th 2002 from the 0-5 cm A 1 organo-mineral layer, in four plots, i.e., the native forest and three plantations (beech, spruce and Douglas-fir). Six various sampling points were selected randomly in each plot. The six samples were pooled in the field (to form a composite sample for each plot), then sieved (< 2 mm) in the laboratory and stored in the dark at 4
• C until their use.
Laboratory incubation design
Ten grams of soil were introduced in serum bottles (250 mL) hermetically sealed, and incubated for 40 days at 15
• C in the dark.
Twenty-five replicates were performed for each type of soil corresponding to the four tree species. For incubation, soil moisture was at water-holding capacity (WHC). No aeration to remove the CO 2 from the bottle atmosphere was undertaken during the incubation. The available oxygen initially present in the bottle was sufficient to maintain oxic atmospheric conditions
Analysis
C-mineralization was evaluated as CO 2 -C release in the bottle atmosphere. For all the 25 replicates per soil, periodically, every 2 then 3 days at the beginning of incubation, and every 5 days over the 20th day, 4 mL of gas were sampled in the flask headspace with a syringe and injected immediately into the CO 2 analyser (BINOS 1004 Infrared Gas analyser).
Water-soluble elements were extracted from the soil before and after incubation, with deionised water using a 1:10 (w/v) ratio. After mechanical shaking (60 min) and centrifugation (20 min at 3500 rpm), water extracts were filtered using 0.45 µm Whatman filters. In the filtered solutions, nitrate (NO Both total carbon (C t ) and total nitrogen (N t ) were determined in solid samples by combustion at 1020
• C in a CHNS-O 1108 Carlo Erba analyser. Effective Cation Exchange Capacity (CEC) was measured at soil pH, according to Rouiller et al. [37] , using a buffered 0.5 N NH 4 Cl salt solution. The exchangeable collected cations (Ca, Mg, Na, K, Fe, Al, Mn) were analysed by ICP. pH H2O was measured in 1:2.5 (w/v) soil/water ratio suspension.
Statistical analysis
Spatial plot variability was taken into account on the initial sampling (6 replicates). Then the sample pooling was made to provide an average plot sample to be used in the laboratory incubation experiment where 25 replicates were done for each plot. So the plot variability was minimized that can be considered as pseudo-replication [18] . The differences between tree species were determined on subsamples, before and after incubation, by ANOVA with the NewmanKeuls test. Principal component analysis (PCA) was performed with Log-transformed variables. The statistical software StatBox version 2.5 was used.
RESULTS
Soil analytical characteristics
The A 1 layer texture was similar for all different plots as shown in Table I . It was sandy-silty and dominated by coarse sand. The clay content varied from 16.4% to 20.6% in the spruce and beech soils respectively. Soils under native forest contained more organic carbon (10.5%) than those under 30-year-old plantations (Tab. I). The organic matter content decreased in the order: native forest > spruce > beech > Douglas fir. The lowest C/N ratio (17.7) was observed in beech soil, whereas it was close to 20 for the other species. Values for the base saturation index (BS) varied from 14.5% for spruce to 22.7% of CEC for Douglas-fir (Tab. I), all indicating that the soils were poorly saturated. Soils under native forest and spruce presented the highest CEC values and carbon content but the lowest clay contents. Soils under beech and Douglasfir plantations presented the lowest CEC values and carbon contents, but the highest clay content.
Soil organic carbon mineralization
For all the samples, the cumulated rates of carbon mineralized, expressed in proportion of total carbon as CO 2 -C% of Ct, showed a linear kinetic during the incubation period (Fig. 1) . The rate was always the highest for the spruce soil. After 40 days of incubation, the amount of carbon mineralized was of 10.6% , 9.8% , 8.9% and 7.8% , for Norway spruce, native forest, beech and Douglas-fir soil samples, respectively. Significant differences (p < 0.05) between soils were observed from the third day of incubation. The daily C-mineralization rate for spruce reached 0.27% of the total soil organic carbon, whereas it varied between 0.25% , 0.22% and 0.19% for the native forest, beech and Douglas fir, respectively. By comparing the values of cumulative bulk production of CO 2 -C during 40 days, the soil under native forest showed the highest values (1036 mg.kg −1 ) followed by Norway spruce (869.3 mg.kg −1 ), beech (581 mg.kg −1 ), and Douglas-fir (400.4 mg.kg −1 ).
Nitrogen mineralization
Total water-extractable mineral N-contents (NO 3 + NH 4 )-N expressed in proportion of total nitrogen (Tab. II) were initially significantly the highest (p < 0.05) for soils under beech and Douglas-fir, and decreased in order: beech ≥ Douglas fir > spruce > native forest. After incubation, it increased significantly for all samples. It was always the lowest for the native forest soil (6.7% ) and the highest for beech soil (17.3% ), (p < 0.05). Soil under spruce showed intermediate values between those under native forest and Douglas-fir Concerning the net N-mineral production after 40 days of incubation, soil under beech released 7.32% of its total N-content against 4.27% , 4.59% and 3.35% for those under Douglasfir, spruce and native forest respectively.
Before incubation, the NO 3 -N content (Tab. II) was significantly higher for soils under Douglas-fir and beech than under spruce and native forest. It was the same after incubation (p < 0.05). The highest net nitrate production for the 40 days of incubation was observed for soil under beech (22.8 mg.kg −1 ), whereas it was only of 16.2 mg.kg −1 , Before incubation, the NH 4 -N content (Tab. II) decreased in the order: spruce > beech > native forest > Douglas fir, but after incubation, the order became: spruce > native forest > beech > Douglas fir, with a significant highest content of 40.3 mg.kg −1 for spruce soil (p < 0.05). Concerning the net production of ammonium for the 40 days of incubation, soil from native forest released 17.1 mg.kg −1 of NH4-N against 13.4 mg.kg −1 , and 3.6 mg.kg −1 for soils under spruce and beech respectively. Oppositely, soil under Douglas-fir showed a decrease in its NH 4 -N content after incubation that corresponded to a loss of 4.65 mg.kg −1 of ammonium. Except for all the samples under the native forest, the nitrification index expressed by [NO 3 -N/(NO 3 + NH 4 )-N]%, (Tab. II) increased during incubation. It was the highest, for the Douglas-fir soil, (94% at the end of incubation), whereas it stayed around 20% and 10% respectively for the spruce and the native forest soils at all times.
pH changes during soil organic matter biodegradation
All soil samples were strongly acidic, as shown in Table II . The initial pH values varied from 3.8 to 4 and significantly increased (p < 0.05) during the incubation period for beech and Douglas fir soils.
Water-extractable organic carbon (WEOC) and water-extractable elements (WE)
Before incubation, the highest WEOC content (Tab. II) was observed in the soil from the Douglas fir plantation (3.7% of C t ) and decreased in the following order Douglas-fir > Norway spruce > beech > native forest (p < 0.05). After 40 days of incubation, organic matter biodegradation caused a decrease of WEOC content in all soil samples, except for the native forest, which slightly increased, but the differences were not significant. The WEOC content of the Douglas-fir and Norway spruce soil samples was similar, while the beech and native forest formed a second group of samples with similar WEOC content (p < 0.05). In addition, the Douglas fir soil samples showed the highest decrease of WEOC content corresponding to 1% of C t .
Water-extractable (WE) Ca (Fig. 2 ) was initially the highest for Douglas-fir soil and it decreased in the order: Douglas-fir > native forest > beech > spruce. After incubation, Ca values increased for soils under Douglas-fir (from 17.5 mg.kg −1 to 41 mg.kg −1 ) and beech (from 5.5 mg.kg −1 to 13.6 mg.kg −1 ) (p < 0.05) whereas it decreased for those under native forest and spruce. Initial WE Mn (Fig. 2) was the highest for the Douglas-fir soil. After incubation, WE Mn values increased significantly for soils under Douglas-fir (from 3 mg.kg −1 to 8 mg.kg −1 ), and beech (from 0.6 mg.kg −1 to 3.5 mg.kg −1 ), (p < 0.05). For Norway spruce and native forest soils, WE Mn contents were the lowest at all time (< 0.4 mg.kg −1 ). Before incubation, WE Mg content (Fig. 2) was significantly higher for soil under Douglas-fir than for those under other species. After incubation, Mg content significantly increased (p < 0.05) for soils under Douglas-fir (from 4 mg.kg −1 to 5.6 mg.kg −1 ), beech (from 2.3 mg.kg −1 to 3 mg.kg −1 ), and spruce (from 2.6 mg.kg −1 to 3.3 mg.kg −1 ). Oppositely, a decrease was observed for soil under native forest. WE Fe contents (Fig. 2) were initially the highest for native forest soil, and the lowest for Douglas-fir soil. After incubation, they decreased for all samples, except for the Norway spruce soil, where they increased (from 19.8 mg.kg −1 to 28 mg.kg −1 ). Before incubation, WE Al contents (Fig. 2) were initially the highest for soils under native forest and beech, and the lowest for Douglas-fir. Soil under Norway spruce occupied an intermediate position.
After incubation WE Al content decreased for all soils except under Norway spruce where they significantly increased from 39.7 mg.kg −1 to 54 mg.kg −1 .
DISCUSSION
In relation to the fine fraction and organic matter contents, it appears that soils with the highest CEC, and organic carbon contents presented the lowest clay contents (i.e. native forest and spruce) and inversely, that soils with the lowest CEC, and organic carbon contents presented the highest clay contents (i.e. beech and Douglas-fir). This suggests that the exchangeable elements are mainly associated to organic matter, and not with the clay minerals. The incubation of the A 1 (0-5 cm) layer originating from the same type of soil under different forest stands growing in similar local conditions showed different organic matter mineralization rates, in the following order: spruce > native forest > beech > Douglas-fir (p < 0.05). This order is in agreement with the C:N ratios, with the exception of an inversion between Norway spruce and native forest. In spite of their high organic matter content, the native forest soil samples did not show the highest C-mineralization. Such behaviour could be due to the higher biostability and recalcitrance of soil organic matter under the native forest, where organo-mineral complexes are older and less labile. In a chrono-sequence of ponderosa pine forest, Kelliher et al. [25] showed that the amount of extractable carbon was the highest for the young plot. In fact, in the present study, water-extractable organic matter was relatively higher in soils from beech plantations (30-year-old) than in the native forest. The elevated C-mineralization rate observed for the Norway spruce soil suggests that efficient microbial communities were adapted or were specific for this plant material in the plot and/or that labile organic compounds were more available despite acidic conditions [3, 16, 41] . Taking into account the bulk production of CO 2 -C in mg per kg of soil, the native forest plot mineralized more carbon than the other plots, suggesting that both the quality and quantity of organic matter have to be considered as main parameters controlling organic matter biodegradability and mineralization.
The decrease of WEOC observed for all soil samples during incubation (p < 0.05), suggests that it can be degraded and mineralized by soil microorganisms [28] . Soils from coniferous plots (Douglas-fir and Norway spruce) were richer in water-extractable organic matter than those from deciduous plots (beech and native forest). Soil organic matter from the spruce appeared much more biodegradable than the Douglasfir ones which had the lowest organic matter content. As for CO 2 -C production, such observations could be related to the nature of the soil organic matter under each forest tree species, which appears again as a major parameter that need to be much better defined. For soils from a Douglas-fir site in Oregon (USA), Jandl and Sollins [20] , showed that WEOC was essentially constituted by hydrophobic compounds recalcitrant to biodegradation. In addition, in all the treatments, the amount of WEOC was much lower than the amount of C-mineralised. This indicates that part of mineralized carbon was provided by non water-extractable organic matter or that there is a continuous production and release of soluble organic matter during biodegradation.
Soil samples from beech and Douglas-fir plantations were those having the highest release of net mineral nitrogen. Our results indicated that there was a major difference between soils under native forest and beech plantation. Native forest soil, which showed a relatively high organic carbon mineralization, presented a low net nitrogen mineralization with a low index of nitrification. The net N-mineralization seemed to be hindered or limited at the ammonification stage. This suggests that with ageing forest tree species would strongly influence the litter quality and the microbial activities and consequently, the soil and whole ecosystem functions. Idol et al. [19] , also observed a low nitrification under older plots in a 100-year hardwood chronosequence. Disturbances of topsoil caused by clear-cutting and plantation could also modify the soil properties and the microbial activity. As suggested by Paavolainen et al. [31] , clear-cut significantly decreases the emission of compounds inhibiting nitrogen mineralization (i.e. 20000-fold less in clear-cut plot than in the forest).
Net nitrification was mainly the highest in soils originating from beech and Douglas-fir plantations. Beech soil appeared more efficient in nitrogen mineralization, but had a lower net nitrification than Douglas-fir soil. Nitrification was particularly active in Douglas-fir soil, as it has been observed in other sites, such as one studied in Beaujolais (France) [23] , but also in beech litter (p < 0.05), as noted by Wedraogo et al. [47] . Both the native forest and spruce soils (richer in organic carbon than the beech and Douglas-fir plantations) presented the highest carbon mineralization rate and the lowest nitrification indices. This suggests that high soil organic matter content could limit nitrification as reported by Strauss and Lamberti [44] , for stream sediments. Several hypotheses can be proposed to explain this divergence between carbon and nitrogen mineralization: allelopathy, microbial immobilisation and competition for nitrogen between micro-organisms. The allelopathy effect is attributed to chemical mediators, usually organic compounds like phenols, tannins and lignin, able to inhibit the activity of nitrifying bacteria [14, 26, 47] . Phenolic compounds leached from the litter itself could play an inhibiting role towards some microbial communities [3, 22] Furthermore, Bruckert et al. [11] showed that soil microorganisms could also produce some antimicrobial compounds, like acetic and butyric acids that can limit some microbial activity in the soil. Other organic compounds, such as terpenoids, present in the litter and soil, are known to inhibit nitrification, particularly ammonium oxidation [13, 31, 36, 48] . However, terpene compounds do not have the same impact on C-mineralization because they can be used as carbon source by microorganisms and can also contribute to CO 2 production [31] . The immobilisation of mineral nitrogen by soil microorganisms, and particularly nitrates which are rapidly assimilated, was demonstrated by Stark and Hart [42] . Competition for NH 4 -N might also exist between heterotrophic bacteria and nitrifying bacteria, as proposed by Stoo et al. [43] and Strauss and Lamberti [44] . Such finding might explain why mineral nitrogen was mainly present as ammonium in the native forest and spruce soil samples.
The availability of water-extractable major elements varied with tree species. The high release of Ca, Mn and Mg, during the organic matter biodegradation under Douglas-fir and beech, can be related to the higher release of nitrate which affects efficiently Ca and Mg solubilization through the proton budget [47] . This was confirmed by the high significant correlation observed after incubation between NO 3 -N and: Mn (r = 0.898, p < 0.00001), Ca (r = 0.77, p < 0.00001), and Mg (r = 0.70, p < 0.00058). The efficiency of nitrification in weathering processes and Ca, Mg solubilization has been recognized in some brown acid soils on granitic rocks [4] . The increase of pH observed after incubation can be due to the release of Mn and Ca which were significantly correlated with pH (r = 0.5044, p < 0.0233 for Mn), and (r = 0.4625, p < 0.040 for Ca). The strong release of Al and Fe observed after incubation of soil under spruce could be attributed to the production and/or biodegradation of organo-metallic complexes [14] . Indeed as reporteded by Duchaufour [14] , and McKeague et al. [29] , under coniferous plots, low-molecular weight organic acids such as citric and oxalic acids might be involved in complexing Al and Fe before their use as carbon and energy sources by the microorganisms.
The PCA allowed to clearly separate the tree species effect, based on soil properties, C and N mineralization behaviour and fate of nutriments during incubation time. Figures 3 and 4 illustrated the results obtained respectively before and after soil incubation. In Figure 3 , the horizontal F1 and vertical F2 axis respectively explained 60% and 19% of total variance. The F1 axis was determined on one hand, by the nitrate and waterextractable Ca, Mg, and Mn contents, and on the other hand, by the water-extractable Fe and Al contents. This axis tended to oppose the soil under Douglas-fir to those under native forest, spruce and beech plantations. The F2 axis was determined by WEOC and NH 4 -N on one hand, and by pH, Ca and Fe, on the other hand. It opposed soils under spruce and native forest; those under beech and Douglas fir occupied an intermediate position. At the end of the incubation (Fig. 4) , the tendencies observed on the initial set data were confirmed and emphasised. The F1 axis explained 66% of the total variance and opposed the soils under Douglas-fir and beech to those under spruce and native forest. The F2 axis explaining 20% of the total variance was determined by pH and WEOC values. It opposed soils under deciduous and coniferous species. Soils under beech and native forest seem to be opposed more on the basis of nitrate and solubilized mineral elements (i.e. nutrients and/or Al+Fe) than on their pH. The same applies for the opposition between soils under spruce and Douglas-fir. This also means that the impact of "acidifying tree species" was noticeable only on the soil under spruce, not on that under native forest. In fact, the F2 axis clearly reflects the lower pH values and higher WEOC contents of soils under coniferous trees, as also shown in Figures 3 and 4 .
This indicates that the tree species are major parameters affecting the dynamics and activity of microbial communities and the dynamics and availability of nutrients in soil. But, the age of the trees and the land use (clear-cut) as shown by Jussy et al. [24] and Bonneau [9] , may also be involved in these dynamics.
CONCLUSION
Soil incubations for 40 days, under laboratory conditions, allowed to observe an effect of tree species on organic matter biodegradability and consequently on mineral element and major nutriments release and availability. The results showed that carbon mineralization and nitrogen mineralization can be divergent. Major differences in mineral elements solubilization are also observed between tree species. But, to evaluate more accurately the impact of tree species, further studies are needed in a long-term incubation so as to determine the extent and dynamic of the biodegradation of organic matter, the nature of water extractable organic compounds, their role in mineral availability, and/or as antimicrobial agent controlling dynamic and activity of bacterial and/or fungal communities such as the nitrifying bacteria.
